OsRac1 is a member of the plant small GTPase Rac/Rop family and plays a key role in rice immunity. The constitutively active (CA) G19V mutation of OsRac1 was previously shown to induce reactive oxygen species production, phytoalexin synthesis and defense gene activation, leading to resistance to rice blast infection. To study further the effect of the G19V mutation in disease resistance, we introduced a single base substitution by gene targeting and removed the selectable marker using Cre-loxP site-specific recombination. The CA-OsRac1 gene generated by gene targeting was termed CA-gOsRac1. The G19V mutation was transferred from a targeting vector to the OsRac1 locus and stably transmitted to the next generation. In the leaf blade of homozygous CA-gOsRac1 plants, mutant transcript levels were much lower than in those of wild-type plants. In contrast, mutant transcripts in roots, leaf sheaths and panicles were more abundant than those in leaf blades. However, upon chitin treatment, the expression of defense-related genes PAL1 and PBZ1 in the cell culture was greater in the mutants compared with wild-type plants. Furthermore, induction of hypersensitive response (HR)-like cell death was observed in the leaf sheaths of mutant plants infected with a compatible race of rice blast fungus. In the CA-gOsRac1 plants, a number of genes previously shown to be induced by Magnaporthe oryzae and Xanthomonas oryzae pv. oryzae (Xoo) infection were induced in the leaf sheath without pathogen infection. These results suggest that gene targeting will provide mutations useful for gene function studies and crop improvement.
Introduction
Recent studies on plant-pathogen interactions revealed that plant defense systems exist in two layers. Pathogen-associated molecular patterns (PAMPs) such as flagellin, chitin, glycoproteins and liposaccharides are recognized by cell surface pattern recognition receptors (PRRs) and induce the first layer of immunity termed PAMP-triggered immunity (PTI) (Dodds et al. 2010) . PTI-related responses are characterized by ion influx, mitogen-activated protein kinase (MAPK) activation and enhanced gene expression (Zipfel et al. 2008) . To suppress PTI and promote virulence, pathogens secrete effector molecules into host cells. Plants, in turn, evolved resistance (R) proteins for direct or indirect recognition of effectors, resulting in a process called effector-triggered immunity (ETI), the second layer of immunity. ETI is accompanied by hypersensitive response (HR)-like cell death and the production of reactive oxygen species (ROS). Compared with PTI, the ETI response is often more robust and faster (Jones and Dangl 2006) .
Homologous recombination-based gene targeting (GT) is a powerful tool to generate a wide range of mutants. In higher plants, a reproducible and broadly applicable GT procedure was first developed for the rice Waxy gene by applying positivenegative selection (Terada et al. 2002) . Subsequently, several rice genes were modified, and gene knock-outs as well as knock-in mutations have been produced (Terada et al. 2007 , Yamauchi et al. 2009 , Moritoh et al. 2012 ). In addition, nucleotide changes were introduced into the Adh2 locus (Johzuka-Hisatomi et al. 2008) . Homologous recombination-mediated nucleotide changes were also generated by gene-specific targeting of the rice acetolactate synthase gene and anthranilate synthase gene (Endo et al. 2007 , Saika et al. 2011 . The anthranilate synthase gene was altered to gain herbicide resistance, and the acquired resistance was used to select for transgenic rice cells. Recently, to enhance homologous recombination-based gene targeting, site-specific induction of double strand breaks (DSBs) at the targeted sites by zinc finger nucleases (ZFNs) was applied to modify endogenous loci in the plants of the crop species Zea mays (Shukla et al. 2009) . Although this new technology is a promising tool for editing plant genes in the future (Zhang et al. 2013) , further studies must be conducted with other plant species before this method can be routinely used.
OsRac1 belongs to the Rac/Rop small GTPase family in plants and acts as a molecular switch in rice immunity. The G19V point mutation in the G1 box domain of OsRac1, corresponding to the G12V mutant in human Rac, makes a constitutively active form (CA-OsRac1) of the protein. CA-OsRac1 induces cell death, expression of pathogen-related genes, resistance to rice blast infection and phytoalexin synthesis , Ono et al. 2001 , Fujiwara et al. 2006 , Thao et al. 2007 ). CA-OsRac1 induces lignin synthesis by interacting with cinnamoyl-CoA reductase ) and regulates ROS production by directly interacting with NADPH oxidase (Wong et al. 2007 ). CA-OsRac1 also interacts with Pit, an NB-LRR (nucleotide-binding site/leucine-rich repeat domain) family resistance protein (R protein), and regulates Pit-mediated disease resistance (Kawano et al. 2010 ). OsRac1 forms a protein network called the defensome network comprised of heat shock proteins HSP90 and HSP70, co-chaperone Hop/Sti1a, scaffold protein OsRACK1, OsRacGEF1 and OsCERK1 (Thao et al. 2007 , Nakashima et al. 2008 , Chen et al. 2010 , Akamatsu et al. 2013 . Collectively, many investigations have indicated that OsRac1 functions as an important molecular switch in rice immunity.
Previously, CA-OsRac1 was generated by introducing a G19V point mutation in the OsRac1 gene that was fused to the Cauliflower mosaic virus (CaMV) 35S promoter and transforming rice with this construct . Functioning of the CA-OsRac1 mutation created in this system largely depends on random integration of the designed T-DNA, and the constitutively expressed CaMV35S promoter caused some undesirable effects on plant growth including dwarfing and sterility. Therefore, to investigate further the effect of CA-OsRac1 on rice immunity, we used homologous recombination-based GT to produce transgenic rice plants whose endogenous OsRac1 locus is modified to the CA form and is expressed under the control of the native promoter. Furthermore, the hygromycin phosphotransferase (hpt) positive selection marker was removed from the rice genome by using the CreloxP recombination system, giving marker-free G19V transgenic rice plants. The analysis of resultant CA-gOsRac1 plants revealed that the CA mutation was stably transmitted to the next generation and transformed plants showed enhanced immune responses compared with wild-type plants.
Results

Generation of a single nucleotide substitution in OsRac1
The substitution of glycine (GGC) by valine (GTC) at amino acid 19 of OsRac1 protein (G19V) was generated by the substitution of guanine (G) by thymine (T) at bp 56 of the OsRac1 gene from the start point (G56T). This point mutation was introduced by GT followed by the elimination of the inserted hpt-positive marker by Cre-loxP-mediated recombination (Fig. 1) . To eliminate the hpt marker, the Cre gene was transformed into individual OsRac1-targeted callus lines. To induce Cre-loxP recombination, the XVE-Cre-loxP system that is activated by b-estradiol treatment (pBIMFN; Usuda et al. 2009 ) was used. The GT vector was designed to leave a single loxP site in the first intron of OsRac1 in targeted transgenic plants (Fig. 1) .
The pOsRac1G19V vector was designed to introduce a G56T mutation into the first exon of OsRac1 and the hpt gene flanked by two loxP sites into the first intron (Fig. 1A) . Rice calli were transformed with the vector and 94 callus lines survived ( Table 1) . To select GT events among the surviving calli, PCR analysis was carried out and five independent callus lines were obtained (Fig. 1B, Table 1 ; Supplementary Fig. S1A ). Exon 1 of OsRac1 was sequenced for all lines to confirm the point mutation. As a result, five lines were identified that carried the G56T nucleotide substitution.
To eliminate the hpt-DEn/Spm fragment from OsRac1 by the b-estradiol-inducible XVE-Cre/loxP system (Usuda et al. 2009 , Zuo et al. 2001 , targeted callus lines were individually transformed by conventional Agrobacterium-mediated transformation with pBIMFN-nptII (neomycin phosphotransferase gene II), and pBIMFN-nptII transformants were selected (Fig. 2B) . To induce Cre-loxP site-specific recombination at the OsRac1 locus, five callus lines were transferred to N6 medium containing 20 or 30 mM b-estradiol and cultured for 4-7 d. After incubation for 2-3 weeks on the paromomycincontaining selection medium, multiple shoots were regenerated from each callus line. A total of 119 regenerated plants were individually grown and analyzed by PCR to select for transgenic plants carrying the OsRac1 G56T mutation without the hpt selection marker ( Fig. 1B; Supplementary Fig. S1B , Supplementary Table S2). hpt marker elimination was found on 14 plants after Cre-loxP recombination. Nine of them survived until flowering, and only seven plants showed the fertile phenotype (Supplementary Table S2 ). To confirm GT, the OsRac1 locus containing the anticipated 5 0 and 3 0 recombination junctions was amplified by PCR and analyzed by direct sequencing. In addition, the 5 0 end fragments were cloned to enable detailed analysis of the G56T nucleotide substitution and neighboring sequences in exon 1 (Supplementary Fig.  S1C ). As a result, three plants were confirmed as true targeting plants carrying the G56T nucleotide substitution, and the 50 bp single loxP with restriction sites. Two GT plants corresponding to line numbers 98 and 110 in Table 2 were grown in a greenhouse to maturity and seeds were harvested. Homozygous plants carrying the G56T substitution in OsRac1 were selected from their respective T 1 families (Fig. 2) .
The G56T nucleotide substitution is transmitted stably to the next generation Since transgenic plants in the T 0 generation were heterozygous, the mutant allele should segregate in the T 1 generation. To identify the genotypes of the T 1 progeny, PCR analysis combined with direct sequencing of the genomic OsRac1 gene was performed (Fig. 3) . Either a 0.54 kb fragment corresponding to wild-type OsRac1 or the 0.59 kb fragment for the homozygous OsRac1 with the loxP insertion was detected, whereas heterozygous plants carried both the 0.54 and 0.59 kb fragments (Figs. 1C, 3A) . Moreover, all the T 1 plants were sequenced to ensure the presence of the G56T nucleotide substitution. As expected, null segregant wild-type plants and those with the homozygous G56T nucleotide substitution mutation harbored the wild type and the mutation, respectively, whereas heterozygous plants showed both wild-type and mutant peaks ( Fig. 3B , left). T 1 plants segregated as 29 homozygous, 40 heterozygous and 29 wild-type plants ( Table 2) . Homozygous plants were slightly dwarfed, and heterozygous plants were indistinguishable from wild-type plants (Fig. 3C) . These results collectively indicated that the G56T nucleotide substitution was stably transmitted to the next generation. The presence of the point mutation was further confirmed at the transcript level by directly sequencing OsRac1 cDNA (Fig. 3B, right) . The sequence trace of the G56T mutant peak in a homozygous plant demonstrated that the mutated OsRac1 gene was transcribed; however, the point mutation was not detected in the cDNA of heterozygous plants, probably due to low level expression of mutant transcripts.
CA-gOsRac1 expression is suppressed at the mRNA level
Since we could not detect the sequence trace for the G56T nucleotide substitution in the cDNAs of heterozygous plants (Fig. 3B) , the expression levels of OsRac1 were examined in various tissues by quantitative reverse transcription-PCR (qRT-PCR) (Fig. 4) . A low level of CA-gOsRac1 expression was found in all tested tissues of the homozygous plants. Furthermore, CA-gOsRac1 expression was almost fully suppressed in leaf blades and cell cultures (Fig. 4A, B) , and partially suppressed in leaf sheaths, roots and panicles ( Fig. 4C-E) . These results suggested that the expression of CA-gOsRac1 was suppressed at the mRNA level in a tissue-specific manner. Our sequencing analysis of the targeted CA-gOsRac1 gene did not detect any sequence alterations except for the introduced changes in the promoter and coding regions of the gene (data not shown).
To examine whether the low expression level of mutant transcripts was due to the possible interference of loxP with the splicing pattern of the CA-gOsRac1 mRNA, Northern blotting was performed with the mRNA extracted from leaf sheath of wild-type, heterozygous and homozygous plants ( Supplementary Fig. S2 ). As a result, no extra isoform of the OsRac1 mRNA was detected in homozygous and heterozygous plants, suggesting that the 50 bp loxP located in the first intron may not disturb the splicing pattern of the CA-gOsRac1 mRNA.
CA-gOsRac1 enhances chitin-triggered immune responses and induces HR-like cell death
OsRac1 is involved in the induction of the defense-related genes PAL1 and PBZ1 in the chitin elicitor pathway (Thao et al. 2007 , Chen et al. 2010 , Akamatsu et al. 2013 . To examine whether homozygous CA-gOsRac1 plants exhibit enhanced chitin-induced immune responses, CA-gOsRac1 cell cultures were treated with chitin, and expression of PAL1 and PBZ1 was examined at various times after treatment. Compared with the wild type, homozygous CA-gOsRac1 plants showed strong induction of PAL1 and PBZ1 at 1 and 9 h after chitin treatment, respectively. In heterozygous plants, however, PAL1 expression was highly induced, but PBZ1 expression was not (Fig. 5A ). These results indicated that although expression of CA-gOsRac1 was very low in cell cultures, expression of this gene construct was sufficient to enhance chitin-triggered immune responses compared with the wild type.
Next, we examined the response of homozygous CAgOsRac1 plants to infection by the blast fungus Magnaporthe oryzae compatible race 007. Since the expression of homozygous CA-gOsRac1 was not strongly suppressed in leaf sheaths among the tested tissues, leaf sheaths were infected with the blast fungus using the intact injection method (Koga et al. 2004) . Three days after inoculating spores into leaf sheaths, granules with strong autofluorescence and strong trypan blue staining appeared at each infection site of both homozygous and heterozygous plants (Fig. 5B) . These results suggested that the mutant transcripts induced HR-like cell death after infection with a compatible race of blast fungus. In contrast to the CA-gOsRac1 plants, fungal hyphae invaded the neighboring leaf cells of wild-type plants and HR-like cell death was not detected (Fig. 5B) . Together, these results demonstrated that CA-gOsRac1 plants generated by GT showed enhanced immune responses such as enhanced defense gene activation by chitin elicitor and HR-like cell death after infection with a compatible rice blast fungus that was not detected in wild-type plants. CA-gOsRac1 activates defense-related genes induced by M. oryzae and Xoo in the absence of pathogen infection
To examine the expression of defense-related genes in homozygous CA-gOsRac1 plants, microarray analysis was performed with mRNAs extracted from non-infected leaf sheaths, and the results were compared with profiles of rice genes induced by M. oryzae and Xanthomonas oryzae pv. oryzae (Xoo) infection (Kottapalli et al. 2007 , Mosquera et al. 2009 , Grewal et al. 2012 . Agilent microarrays were used to examine transcript accumulation of a >2-fold difference from wild-type plants with a P-value <0.05. Twenty-five up-regulated transcripts in the homozygous plants were induced by M. oryzae and Xoo infection. The up-regulated genes were grouped into distinct clusters: transcription factors, kinases, defense-related genes, chitinases, peroxidases and others (Table 3) . To validate the fold induction from the microarray assays, 12 randomly selected transcripts were quantified by qRT-PCR. All 12 genes showed enhanced expression in homozygous plants compared with the wild type (Fig. 6) , validating the results obtained in the microarray assays. The induced transcripts are as follows. Transcription factors. Three members of the WRKY transcription factor family were markedly induced in the homozygous CA-gOsRac1 plants. Expression of WRKY69, a welldocumented member of this gene family involved in the regulation of disease resistance through a MAPK cascade (Rushton et al. 2010) , was induced. Expression of OsNac4 transcription factor, a positive regulator of HR cell death through OsHSP90 and IREN (Kaneda et al. 2009 ), was also higher in homozygous CA-gOsRac1 plants. Homozygous CA-gOsRac1 plants significantly induced OsMYB4 expression, whose ectopic expression in Arabidopsis stimulates a set of genes involved in pathogen resistance such as AtERF6, EREBP4 and WRKY6 (Vanini et al. 2006 ). In addition, OsMYB4 induces genes encoding enzymes in the phenylpropanoid pathway important for plant immunity (Vanini et al. 2006 ). Furthermore, a 10-fold increase in expression was measured for ERF5 that regulates genes in chitin-triggered responses including ERF6 and ERF8 as well as MPK3 and MPK6. ERF5 positively regulates salicylic acid induction and plant defense against the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Son et al. 2012) .
Protein kinases. MAPKKK3 expression increased >5-fold in homozygous CA-gOsRac1 plants. Similarly, expression of Receptor-like protein kinase 5 precursor (CRK5) increased >3-fold. CRK5 overexpression significantly enhances disease resistance in Arabidopsis (Chen et al. 2003) .
Other genes. Expression of genes for chitinases and peroxidases involved in immune responses was greater in homozygous CA-gOsRac1 plants than in the wild type. Genes for lipoxygenases that are key enzymes for lipid metabolism and jasmonic acid biosynthesis also showed enhanced expression. LOX2 is required for wound-induced jasmonic acid accumulation and is involved in the early defense response to pathogens (Creelman et al. 1997 ). OsChi3b encodes a chitinase that has anti-fungal activity by its ability to hydrolyze N-acetylglucosamine polymers (Punja and Zhang 1993) and was induced 12-fold in the homozygous plants. In addition, enhanced expression of peroxidases, important enzymes for plant defense against pathogenic microorganisms, was found. In the absence of pathogen infection, the results indicated that homozygous CA-gOsRac1 plants constitutively induced a large number of genes involved in immune responses. These results support the notion that OsRac1 plays a key role in rice immunity.
Discussion
In this study, we generated CA-gOsRac1 mutant rice plants by homologous recombination-based GT and subsequent removal of the hygromycin-resistant marker using Cre-loxP-specific recombination. The resulting homozygous CA-gOsRac1 rice plants exhibited immune responses in the absence of pathogen infection, although expression of the targeted CA-OsRac1 gene was low in some tissues.
Generation of the OsRac1 G19V point mutation by homologous recombination-mediated GT
Rice CA-gOsRac1 (G19V) mutant plants were generated by the GT procedure previously used to create knock-out mutants of Waxy (Terada et al. 2002) , Adh2 (Terada et al. 2007 ) and OsDRM2 (Moritoh et al. 2012) , the knock-in mutant of OsMET1a (Yamauchi et al. 2009 ) and various substitution mutations in Adh2 (Jhozuka- Hisatomi et al. 2008 ). Compared with these previous studies, OsRac1 GT had a 5-10 times higher recombination frequency (Table 1) . According to Terada et al. (2007) , the surviving calli upon positive-negative selection are mainly attributed to true homologous recombination and border-independent random integration (BIRI). The latter event constitutes the loss of DT-A, followed by random integration of targeting vector. Therefore, we speculate that the high efficiency of gene targeting on OsRac1 was due to the possibly reduced BIRI compared with true homologous recombination.
Fig. 3 The G56T nucleotide substitution is stably transmitted to the next generation and transcribed. (A) PCR analysis to identify the genotypes of the T 1 generation. Genotypes of homozygous (HM), heterozygous (HT) and wild-type (WT) plants are shown with the predicted bands. (B)
Sequencing chromatograms of genomic DNA extracted from leaf blades and cDNA synthesized from leaf sheaths of transgenic plants in the T 1 generation. The G56T nucleotide substitution and wild-type OsRac1 are illustrated by a single base change and wild-type peak, respectively for both the genomic DNA and cDNA. Heterozygous plants had overlapping peaks in the genomic DNA, but only the wild-type peak was detected in cDNA. (C) Phenotypes of CA-gOsRac1 GT plants in the second generation.
In a previous study (Terada et al. 2010) , the hygromycinselectable marker was removed using the Cre gene carrying a nuclear localization signal (NCre) fused to a strong promoter that was introduced into the targeted waxy mutant cells by particle bombardment without a selectable marker; however, the frequency of hpt removal was very low using this method. In the current study, we used a b-estradiol-inducible Cre system. This new method was more efficient and made it Fig. 4 Expression of CA-gOsRac1 in selected tissues of homozygous transgenic rice plants. Total mRNA was extracted from selected tissues by the Trizol method (Invitrogen). OsRac1 cDNA was synthesized from 1 mg of mRNA and the expression of OsRac1 was monitored by qRT-PCR. Ubq was used as an internal control. Bars represent ± SD, n = 3. possible to select marker-free transgenic rice plants by PCR screening.
Low expression of CA-gOsRac1 at the mRNA level It could be argued that the location of loxP in the first intron of CA-gOsRac1 may disrupt the splicing pattern of the CA-gOsRac1 mRNA and/or affect the stability of the mRNA. However, the Northern blotting assay indicated that no extra isoforms of the mRNA were detected in homozygous CA-gOsRac1 ( Supplementary Fig. S2 ), excluding the possible interference of loxP with the splicing pattern of the CA-gOsRac1 mRNA. The latter hypothesis will be tested by checking the stability of premature mRNA using a nuclear run-on assay in the future.
A potential detrimental effect of the constitutively active G19V substitution may affect the expression of OsRac1. Our results showing that only one of the five GT lines obtained produced viable mature plants and seeds may support this hypothesis ( Table 1) . This observation corresponds to the phenotype of CA-OsRac1 generated from our previous study, in which some CA-OsRac1 lines did not produce seeds, À1 chitin. Cells were collected at the indicated time points and the expression of PAL1 and PBZ1 was monitored by qRT-PCR. Ubq was used as an internal control. Bars represent ± SD, n = 3. Double asterisks indicate a significant difference between specified samples (Student's t-test, P < 0.05). (B) Induction of HR-like cell death in homozygous and heterozygous plants infected with M. oryzae compatible race 007. Ap, appresorium generated from a fungal spore; HP, hyphae; Sp, spore.
probably due to the constitutively active OsRac1-G19V. Another relevant observation is that after removal of the hptDEn fragment from the targeted OsRac1 locus through Cre-loxP recombination, it became difficult to obtain shoots from the callus. Since CA-gOsRac1 expression is initiated after removal of the hpt-DEn fragment, this observation suggests that CA-gOsRac1 expression may have had a harmful effect on shoot growth. To examine this possibility, we compared the expression levels of OsRac1 in homozygous plants containing the G19V substitution plus the loxP sequence in intron 1 and those with loxP alone in intron 3. Interestingly, OsRac1 expression in homozygous loxP plants without the point mutation was not suppressed (Supplementary Fig. S3 ), suggesting that the phenotypic effect of the G19V mutation controlled by the native promoter may have caused the low OsRac1 expression. However, because loxP sites were at different introns in the two types of plants ( Supplementary Fig. S3 ), there was a possibility that the different integration sites of loxP may have affected the levels of CA-gOsRac1 expression. If wild-type levels of CAgOsRac1 expression under the control of the native promoter are harmful for plant growth, it is possible that only those targeted plants that had very low levels of CA-gOsRac1 expression were recovered. This possibility will be tested in future studies.
To test the possibility that suppression of OsRac1 expression was due to inactivation of the OsRac1 promoter by DNA methylation, we analyzed the methylation status of a 1 kb fragment in the OsRac1 promoter region upstream from the transcription start site by bisulfite sequencing. No significant difference in the methylation levels of three cytosine patterns for CG, CHG and CHH between wild-type and the homozygous CA-gOsRac1 plants was detected (Student's t-test, P > 0.05) Grewal et al. (2012) and Kottapalli et al. (2007) .
( Supplementary Fig. S4 ), suggesting that inactivation of the OsRac1 promoter by DNA methylation was not likely to be the reason for suppressed OsRac1 expression. Therefore, the reason for low CA-gOsRac1 expression is unknown at present; possible explanations include potential detrimental effect of the constitutively active G19V substitution, the location of loxP or other unknown factors. No other recent reports on rice plants created by nucleotide substitution by GT detected suppressed expression of mutant transcripts (Saika et al. 2011 . Therefore, although the mechanism for suppressed CA-gOsRac1 expression in transgenic rice plants remains unclear, this phenomenon is probably not universal among base substitution mutants generated by homologous recombination.
The homozygous CA-gOsRac1 mutation induces downstream signaling in rice immunity
Although homozygous CA-gOsRac1 plants expressed low levels of CA-gOsRac1 transcripts, some characteristics of CA-gOsRac1 were preserved in these mutants, including the activation of pathogen-related genes (Fig. 5A) , induction of HR-like cell death (Fig. 5B) and stimulation of various downstream genes known to be induced by M. oryzae and Xoo infection ( Table 3) . The induction of PBZ1 and PAL1 by CA-OsRac1 has been previously described (Thao et al. 2007 , Chen et al. 2010 , Akamatsu et al. 2013 . HR-like cell death was previously detected in the leaf sheaths of CA-OsRac1 plants after infection with a compatible blast fungus (Ono et al. 2001) . In addition, the microarray analysis results demonstrated the importance of OsRac1 in rice immunity. Leaf sheath infection with a compatible rice blast fungus was shown to induce HR-like cell death; however, we were not able to find an enhanced disease-resistant phenotype in homozygous CA-gOsRac1 plants (data not shown). We speculate that the expression level of CAgOsRac1 was too low to confer resistance to the transgenic plants. In summary, we successfully generated an endogenous CA mutation of OsRac1 by using homologous recombinationmediated GT and Cre-loxP-specific recombination. Although the low expression level of CA-gOsRac1 limited the usefulness of the transgenic plants for studies on disease resistance, the strategy of GT described in this report is useful for generating defined mutations in the rice genome.
Materials and methods
Nucleic acid procedures
General nucleic acid procedures including plasmid preparation, plant DNA isolation, PCR amplification and DNA sequencing analysis were described previously (Terada et al. 2002 , Moritoh et al. 2012 . Fig. 6 Validation of the microarray data by qRT-PCR. Twelve transcripts that were >2-fold up-regulated were randomly selected from each cluster and their expression levels were quantified by qRT-PCR. The same mRNA preparation used for the microarray and four additional mRNA preparations extracted from leaf sheaths of homozygous and wild-type plants were used in this experiment. Ubq was used as an internal control. Bars indicate ± SD, n = 6. Asterisks indicate a significant difference in gene expression between CA-gOsRac1 and wild-type plants (Student's t-test, P < 0.05).
Plasmid vectors
To construct the GT vector pOsRac1G19V, 5 0 and 3 0 homologous regions (Fig. 1A) were prepared from the 'Kinmaze' genome by nested PCR amplification using appropriate primer sets (Supplementary Table S1 ) and PrimeStar GXL polymerase (TAKARA BIO, http://www.takara-bio.com/). The resulting fragments were cloned into pCR-BluntII-TOPO or pCR4Blunt-TOPO using a ZeroBlunt TOPO PCR Cloning Kit (Life Technologies, http://www.lifetechnologies.com/). Subsequently, the clones harboring 5 0 homologous regions for pOsRac1G19V were modified with the G56T nucleotide substitution in the corresponding site of OsRac1 exon 1 that causes a G19V substitution in the OsRac1 protein using a Quick Change II XL Site-Directed Mutagenesis Kit (Agilent Technologies, http://www.home.agilent.com/) with the primer sets shown in Supplementary Table S1 . The homologous region for pOsRac1G19V was built into the PacI-SrfI cloning sites of pINA134 (Terada et al. 2002) .
For transformation of the b-estradiol-inducible XVECre-loxP system into targeted callus lines, the hygromycin phosphotransferase gene (hpt) in pBIMFN (Nishizawa et al. 2006) was replaced with the neomycin phosphotransferase gene II (nptII) through homologous recombination in Eschjerichia coli (Chaveroche et al. 2000 , Zhang et al. 2000 . The resulting vector was designated as pBIMFN-nptII.
Plant transformation
Japonica rice cv. Kinmaze was used for transformation. Methods for GT by large-scale Agrobacterium-mediated transformation were employed as described previously (Terada et al. 2002 , Terada et al. 2007 ). PCR screenings for targeted lines with appropriate primers ( Fig. 1 ; Supplementary Table S1) were carried out using Prime Star GXL DNA polymerase (TAKARA BIO). The thermal cycles for the PCRs were as follows: an initial denaturation at 98 C for 30 s; 40 cycles of 98 C for 10 s, 61 C for 30 s, 68 C for 10 min; and a final extension at 68 C for 10 min. Amplified DNA fragments obtained from targeted lines were sequenced to confirm the structure of the targeted locus. Callus lines were individually transformed with pBIMFN-nptII by a conventional Agrobacterium-mediated method (Hiei et al. 1994) . To eliminate the hpt-DEn fragment from the targeted OsRac1 locus through Cre-loxP site-specific recombination, paromomycin-(40 mg À1 ) resistant callus lines were treated with b-estradiol for 4-7 d (Usuda et al. 2009 ). Plantlets derived from callus lines without the hpt-DEn fragment were selected by PCR assays. DNA fragments amplified by PCR were purified with a MonoFas DNA Purification Kit I (GL Sciences, http://www. glsciences.com/) and directly sequenced with the primers shown in Supplementary Table S1 . The resulting fragments were also cloned into pCR4Blunt-TOPO using a ZeroBlunt TOPO PCR Cloning Kit for sequencing (Life Technologies). The DNA sequence of the consecutively modified region generated by GT and Cre-loxP site-specific recombination was analyzed with the appropriate primers.
Cell cultures and fungal growth conditions
A rice cell culture expressing CA-gOsRac1 was generated from seeds and maintained in R2S medium as previously described , Ono et al. 2001 . Methods for culture of rice blast fungus 007 were previously reported (Takahashi et al. 1999) .
Chitin treatment and qRT-PCR
Cell cultures were treated with 20 mg ml À1 hexa-N-acetylchitohexaose (Sigma) and harvested at the indicated time points. Total mRNA was extracted by the Trizol method (Invitrogen), followed by DNase I treatment (Invitrogen). cDNA was synthesized from 1 mg of total mRNA using an oligo(dT) primer. Expression of OsRac1, PAL1 and PBZ1 was monitored by qRT-PCR using SYBR Green (Applied Biosystems). Data were collected from an ABI PRISM 7000 detection system according to the manufacturer's instructions. Ubiquitin was used as an internal control. Primer sequences are listed in Supplementary  Table S1 .
Blast fungus infection and trypan blue staining
One-month-old plants were infected with rice blast fungus compatible race 007 by the intact injection method (Koga et al. 2004) . Intact leaf sheaths were gently laid horizontally, filled with 20 ml of fungal spores (1 Â 10 5 conidia ml
À1
) and incubated at 25 C in the dark for 24 h. At each infection site, leaf sheaths were horizontally sliced into thin layers for observation under white and fluorescence lights. Photographs were taken 72 h after infection. Trypan blue staining of rice leaves was modified from the published methods of Yin et al. (2000) . Leaf sheaths were sliced, submerged in 70 C trypan blue solution (2.5 mg ml À1 trypan blue, 25% lactic acid, 25% water-saturated phenol, 25% glycerol and water) for 10 min, and then washed with water to remove excess stain. Samples were destained in acetic acid : ethanol (1 : 3), washed again with 70% ethanol for 2-3 d and submerged in water before observation.
Microarray analysis
Total mRNA was extracted from leaf sheaths of transgenic plants by the Trizol method (Invitrogen). cDNA was synthesized using the T7-oligo (dT) promoter primer, and reverse transcriptase. cRNAs were generated and labeled with Cyanine 3-CTP (Cy3) and Cyanine 5-CTP (Cy5) using T7 RNA polymerase. For the hybridization step, 825 ng of labeled cRNAs were first fragmented by incubating in fragmentation buffer at 60 C for 30 min in the dark, and then adjusted to a final volume of 110 ml before application to the Agilent 44K microarray array slides for incubation at 65 C for 17 h at 10 r.p.m. After hybridization, slides were removed from the chamber while immersed in wash buffer 1 and gently washed at room temperature for 1 min. After gently washing the array slide at 37 C, for 1 min in wash buffer 2, slides were removed slowly from the wash box and sprayed with N 2 gas to remove dust particles. Finally, the slide was placed in the scanner holder for scanning according to the manufacturer's instructions. In these experiments, two lines from homozygous plants were analyzed (two biological replicates). The experiment was repeated three times. The raw data were imported to Subio Basic Plug-in software (http://www. subio.jp/products/basicplugin) and filtered by signal intensity. Differentially expressed transcripts were identified based on a fold change in expression of 2, P-value <0.05.
Northern blotting analysis
Total RNA was extracted from the leaf sheath of 1-month-old plants using an RNeasy Plant Mini Kit (Qiagen; http://www. qiagen.com). A 30 ml aliquot of total RNA (500 ng ml À1 ) was loaded and separated on a 1.2% formaldehyde gel, and transferred onto a Hybond-N membrane (http://www.gelifesciences. com). The probe was synthesized based on a random primer DNA labeling kit (http://www.takara.co.kr). The sequences of primers to amplify DNA template for probe synthesis are shown in Supplementary Table S1 . Hybridization was performed at 65 C, and the washing steps were performed under high-stringency conditions at 65 C.
Bisulfite sequencing
Methods for bisulfite sequencing were modified from published procedures (Okano et al. 2008 ) using the MethylEasy TM Xceed Kit (www.geneticsignatures.com). Genomic DNA was extracted from leaf blades and purified using a Mini Elute PCR purification Kit (Qiagen) followed by bisulfite treatment. The primer sets are shown in Supplementary Table S1 . PCR products were cloned into the pCR-Blunt II-TOPO (Invitrogen) vector and sequenced using a BigDye Terminator Cycle Sequencing Kit and an ABI 3100 sequencer. In this experiment, we assayed three plants per background (homozygous and wild type), and sequenced 16 colonies from each plant. The percentage methylation was calculated by the formula: (number of methylated colonies/total number of sequenced colonies)Â100%.
Supplementary data
Supplementary data are available at PCP online 
